The three crystal structures reported here provide details of the interactions of mannose and the mannosyl-α-1,3-mannose component of a pentamannose with banana lectin and evidence for the binding of glucosyl-α-1,2-glucose to the lectin. The known structures involving the lectin include a complex with glucosyl-β-1,3-glucose. Modeling studies on the three disaccharide complexes with the reducing end and the nonreducing end at the primary binding site are also provided here. The results of the Xray and modeling studies show that the disaccharides with an α-1,3 linkage prefer to have the nonreducing end at the primary binding site, whereas the reducing end is preferred at the site when the linkage is β-1,3 in mannose/ glucose-specific β-prism I fold lectins. In the corresponding galactose-specific lectins, however, α-1,3-linked disaccharides cannot bind the lectin with the nonreducing end at the primary binding site on account of steric clashes with an aromatic residue that occurs only when the lectin is galactose-specific. Molecular dynamics simulations based on the known structures involving banana lectin enrich the information on lectin-carbohydrate interactions obtained from crystal structures. They demonstrate that conformational selection as well as induced fit operate when carbohydrates bind to banana lectin.
Introduction
Lectins, originally identified as proteins with hemagglutinating properties, are multivalent carbohydrate-binding proteins of nonimmune nature. Although first identified from plants, they are presently known to be ubiquitously distributed in all forms of life and viruses (Chandra et al. 2006) . They mediate various important biological phenomena such as cell-cell and hostpathogen interactions, serum glycoproteins turnover, and innate immune responses, on account of their unique ability to recognize and interact with diverse carbohydrates and carbohydrate linkages in a stereo-specific manner (Weis and Drickamer 1996; Vijayan and Chandra 1999; Loris 2002; Sharon 2007) . Although not much is known about the endogenous role of plant lectins, they have been structurally and biochemically well characterized (Vijayan and Chandra 1999; Sharon and Lis 2004; Sinha et al. 2007) . Among the five structural classes of plant lectins (http:// www.cermav.cnrs.fr/lectines/), the most thoroughly studied are legume lectins. The β-prism I fold lectins come next to them. β-Prism I fold was first identified as a lectin fold in this laboratory through the X-ray analysis of a methyl-α-galactose complex of jacalin (Sankaranarayanan et al. 1996) . The fold has three Greek key motifs arranged around a pseudo-3-fold axis giving rise to a prismoidal appearance and hence was hypothesized to have evolved though successive gene duplication and divergent evolution of a primitive Greek key motif. Since then, several other lectins were found to adopt this fold (Lee et al. 1998; Bourne et al. 1999; Pratap et al. 2002; Bourne et al. 2004; Gallego del Sol et al. 2005; Rabijns et al. 2005; Ziolkowska et al. 2006) . The carbohydrate specificity and diversity in the mode of oligomerization of these lectins have been thoroughly studied. Among them, jacalin remains the most thoroughly studied β-prism I fold lectin (Sankaranarayanan et al. 1996; Jeyaprakash et al. 2002 Jeyaprakash et al. , 2003 Jeyaprakash et al. , 2005 Goel et al. 2004; Sharma et al. 2009 ).
Until recently, all well-characterized β-prism I fold lectins were from dicotyledonous plants and had a single carbohydrate-binding site on Greek key I. However, the crystal structure of a nonglycosylated, dimeric, and mannosespecific lectin from the monocot plant banana (Musa acuminata and Musa paradisiaca) revealed the presence of a second carbohydrate-binding site on Greek key II as well (Meagher et al. 2005; Singh et al. 2005 ). The two carbohydrate-binding sites were shown to have near-identical structure and recognize carbohydrates in the same way. The structure, in various aspects, went against the conventional wisdom on β-prism I fold lectins. Unlike the other lectins from dicotyledonous plants, the three-fold symmetry was evidenced in the protein sequence as well (Singh et al. 2005; Sharma et al. 2007 ). Subsequently, the crystal structure of a β-prism I fold mannose-specific dimeric lectin griffithsin from a red alga showed the presence of carbohydrate-binding sites on all the three Greek keys (Ziolkowska et al. 2006 ). The internal symmetry of the sequence is even more pronounced in this algal lectin. The internal symmetry of the sequence and its correlation with the number of carbohydrate-binding sites in β-prism I fold lectins and their possible evolutionary implications, with particular reference to the possible involvement of the lectin in defense, have been further investigated in a detailed study in this laboratory (Sharma et al. 2007 ). Thermodynamic parameters of banana lectin-carbohydrate interactions have been determined for a variety of carbohydrates Mo et al. 2001; Winter et al. 2005) . Modeling studies along with the X-ray structure of the lectin-methyl-α-mannose complex provided the structural rationale of the lectin's specificity of branched α-mannans (Singh et al. 2005) . Also attempts have been made to study the interactions of the lectin with oligosaccharides through NMR studies (Clavel et al. 2007; Gavrovic-Jankulovic et al. 2008) . In addition, a recent study on a recombinantly produced banana lectin isoform showed the lectin to be a valuable tool for glycoproteomics and a potent modulator of the proliferation response in CD3 + , CD4 + , and CD8 + populations of human peripheral blood mononuclear cells (Gavrovic-Jankulovic et al. 2008 ). The lectin is also an inhibitor of HIV replication (Swanson et al. 2010) . Thus, on the whole, banana lectin is an interesting and important system to be structurally investigated in terms of its carbohydrate binding.
The two crystallographic studies on the carbohydrate complexes of banana lectin reported earlier (Meagher et al. 2005; Singh et al. 2005) appeared to exhibit striking differences in the mode of carbohydrate recognition at the primary binding site. In the structures of lectin-disaccharide complexes reported by Meagher et al., the primary binding site of the lectin was occupied by the reducing end of the carbohydrate, whereas the structure of the lectin-methyl-α-mannose complex, reported by us, indicated that the nonreducing end could occupy the primary site. Additional studies on the lectin appeared to be warranted to resolve this issue and to further characterize the structure and interactions of this lectin. Therefore, we undertook further exploration, reported here, on the complexes of the lectin with an unsubstituted monosaccharide and two (effective) disaccharides. Furthermore, both the disaccharide complexes analyzed by X-ray crystallography so far involved a β-linkage. However, unlike many other lectins, banana lectin can bind to both α-and β-linked sugars. Therefore, carbohydrates with α-linkages were chosen for the crystallographic studies reported here. The crystallographic studies, along with modeling and molecular dynamics (MD) studies, carried out on the lectin and its different carbohydrate complexes provide valuable insights into various structural and functional determinants of the lectin, in addition to resolving the apparent confusion mentioned above.
Results and discussion
Overall structure and general features Banana lectin is a nonglycosylated, mannose-binding dimeric lectin with β-prism I fold. Each subunit is made up of three four-stranded antiparallel β-sheets, each with Greek topology. The three Greek keys together assume a prismoidal arrangement around a pseudo-3-fold axis running parallel to strands of the sheet and impart a pseudo-3-fold symmetry to the subunit (Figure 1) . The 3-fold symmetry of the subunit is moderately reflected in the protein sequence as well (Singh et al. 2005; Sharma et al. 2007) .
The overall structures of the lectins in the three complexes reported here are the same as in the complexes reported earlier (Meagher et al. 2005; Singh et al. 2005) . Each subunit of the dimeric lectin has two biologically significant carbohydrate-binding sites, each perched on a Greek key. A third carbohydrate bound to the protein is sometimes seen in crystal structures, but has been suggested to be an artifact of crystallization. A mannose molecule could be located in the third site in both the subunits of the lectin-mannose complex. The situation is less certain in other complexes. In the case of the pentamannose complex, density appropriate for only a monosaccharide could be seen at the third site in both the subunits. No density existed at this site in the Glc-α-1,2-Glc complex. Thus all considered, the third site is not used in the discussion that follows. The first site designated as P1 involves loops 14-17 and 129-133, whereas the second site P2 is made up of loops 57-61 and 34-38.
P1 and P2 in both the subunits are occupied by mannose in its complex and wholly or partially by Glc-α-1,2-Glc (kojibiose) in its complex. In the case of the third crystal structure,
]-mannopyranosyl (pentamannose) was used in soaking experiments, only a mannobiose (Man-α-1,3-Man) or part of it could be located. The crystals have a large ( 75%) A Sharma and M Vijayan solvent content, and the carbohydrate-binding sites are open to a wide solvent channel. The rest of the pentasaccharide molecules are located in this channel and are presumably disordered. In addition to the three structures reported here, the crystal structures of the complex involving methyl-α-mannose (Singh et al. 2005) and Glc-β-1,3-Glc (laminaribiose) (Meagher et al. 2005) , reported earlier, have also been used, as and when required, when dealing with protein-carbohydrate interactions.
MD simulations were carried out on the dimeric banana lectin and its complexes with mannose, methyl-α-mannose, mannobiose, kojibiose, and laminaribiose. The structures of the complex as found in the appropriate crystal structures were used as starting models in the simulations of the carbohydrate complexes. The initial models of the complexes involving kojibiose were constructed using the partial guidance provided by the weak electron density and were validated further through modeling studies. The methyl-α-mannose complex, from which the carbohydrate was removed, was used as the starting model in the simulation of the uncomplexed molecule. In each case, the simulation stabilized well within 20 ns (Supplementary Figure S1) . The structural integrity of the dimeric molecule, with 2-fold symmetry, was well preserved in the course of each simulation. Also preserved was the conformation of the sugar rings, which are found to be in the chair form in all lectin-carbohydrate complexes of known crystal structure, including the ones reported here.
Lectin-carbohydrate interactions
Crystal structures of the carbohydrate complexes of banana lectin were reported simultaneously by us (Singh et al. 2005) and Meagher et al. (2005) . In spite of the different carbohydrates used for the complexation and very different crystallization conditions, the two structures were the same with identical space group and cell dimensions. The carbohydrate used in our work for complexation was methyl-α-mannose. Two complexes, one of laminaribiose and the other of Xyl-β-1,3-Man-α-O-methyl, were reported by Meagher et al.
Methyl-α-mannose located at the primary binding site in its complex interacts with the lectin as it does in its complexes with the other mannose-binding β-prism I fold lectins artocarpin and heltuba, in which the nonreducing ends of the oligosaccharides occupy the primary binding site. In Xyl-β-1,3-Man-α-me, the methyl-α-man group is located at the primary binding site in the same way as methyl-α-man is located in its complex. In the laminaribiose complex, the reducing end occupies the primary binding site. One of the motivations for undertaking the study was for resolving this apparent inconsistency.
With two sites on each subunit, the dimeric lectin made up of subunits A and B has four carbohydrate-binding sites. All four sites are fully occupied in methyl-α-mannose complex reported earlier and the mannose complex reported here (Figure 2A and B). A mannobiose disaccharide is clearly seen in site P1 of subunit A and P2 of subunit B ( Figure 2C ) and substantially at the other two sites in the complex prepared using the pentasaccharide. The densities unambiguously show that the primary site is occupied by the nonreducing end in mannobiose. The well-defined structures of the complexes involving a mannose and methyl-α-mannose also help in further affirming this conclusion. The molecule/residue at the primary binding sites has the same location in three complexes. The rest of the ligand can be seen as resulting from the successive addition of groups to mannose at the site (Figure 2A -C).
It was of interest to further explore the preference for the primary binding site in glucosyl-saccharides. Therefore, although the resolution of the structure of the kojibiosecomplex was low at 3.5 Å, the density for the carbohydrate molecule at the binding site was examined carefully for the reducing or nonreducing nature of the residue at the primary site. At all the four sites, there was reasonable density for the residue at the primary site, but it was not good enough to distinguish between the two possibilities. All the same, in spite of the low resolution of the structure and somewhat ambiguous nature of the density for the carbohydrate molecule, the (Singh et al. 2005) , and (C) the α-1,3-linked terminal disaccharaide component of the pentasaccharide complexes of banana lectin. The densities are at site P2 in the subunit B and are contoured at 2.5σ level.
Banana lectin-carbohydrate interactions available evidence is strong enough to confirm that kojibiose binds to the lectin .
It is clear that the reducing end occupies the primary site when the lectin binds to laminaribiose, whereas the nonreducing end is at the binding site when the ligand is mannobiose. The only difference between glucose and mannose is in the configuration at C2 and hence in the orientation of O2. O2 in both structures points to the solvent and is not involved in any interaction with the lectin. Therefore, the chemical difference between glucose and mannose is unlikely to be the cause of the differences in the location at the primary site. Close examination of the structures indicated that the difference in the anomeric nature of the glycosidic linkages could be the reason for this differential behavior. Simple modeling in which protein-carbohydrate contacts in all possible conformations of α-and β-1,3 linked disaccharides showed that this is indeed the case. When the linkage is α, there is a definite preference for the nonreducing end to be at the primary binding site while the location of the reducing end at the site is possible ( Figure 3A ). On the other hand, when the linkage is β, the location of the nonreducing end at the site is highly unfavorable, whereas that of the reducing end at the primary binding site is possible ( Figure 3B ). In consonance with crystallographic results, preference for the nonreducing end at the binding site is indicated in modeling involving artocarpin and heltuba as well.
Modeling studies on the complex of kojibiose with the reducing as well as the nonreducing end to be at the primary binding site ( Figure 3C ) indicate the near-equal probability of both arrangements, although the allowed conformational space is higher when the reducing end is at the primary binding site. That does not necessarily mean that the energetically favored arrangement involves the reducing end at the binding site. Short contacts are deleterious for binding, but a reasonable number of attractive van der Waal interactions are necessary. Thus, it could well be that the arrangement with the nonreducing end at the binding site has an edge in this respect.
In the context of the relation between the anomeric nature of the linkage and the location of the reducing or the nonreducing end of the primary binding site, it is interesting to examine the situation in the galactose-binding β-prism I fold lectins such as jacalin. Mannose-binding lectins like banana lectin, artocarpin, and heltuba and jacalin-like lectins differ in two important respects. Jacalin is a two-chain protein on account of a post-translational proteolysis of the bond between residues 20 and 21 (corresponding to 14 and 15 in banana lectin). This facilitates the creation of a new N-terminal group that is important for the specific recognition of galactose. Furthermore, unlike in the mannose-specific lectins, jacalin-like lectins contain a couple of aromatic residues in the binding site, one of which is involved in stacking against the galactose ring. Jacalin cannot bind α-1,3-linked disaccharides with the nonreducing end at the binding site on account of several short contacts of the second carbohydrate residue with one of them (Jeyaprakash et al. 2003) . In fact, the only fully characterized complex of jacalin with an α-linked disaccharide with the nonreducing end at the binding site involves mellibiose (galactose-α-1,6-glucose) (Jeyaprakash et al. 2003) . This binding is possible only because of the increased flexibility of the 1,6 linkage. In all other wellcharacterized jacalin complexes, which involve the β13 linkage, the reducing end is as expected at the primary site .
The interactions of the carbohydrate residue at the primary binding site in banana lectin are nearly the same as those in the other mannose-binding β-prism I fold lectins artocarpin and heltuba. So are its locations and orientation at the binding site. However, those of the second residue are different in disaccharides in their complexes with the three lectins. The lengths of the loops with which they interact exhibit differences. Indeed, it has been demonstrated that the length of this loop is a determinant of the oligosaccharides specificity of the lectin (Jeyaprakash et al. 2004) .
As representative examples, the interactions of mannobiose and laminaribiose with banana lectin in one of the binding sites in one of the subunits of banana lectin are illustrated in Figure 4 . No protein-carbohydrate interaction involving the second residue is consistently observed in the crystal structures. At the primary site, however, the hydrogen-bonded interactions with the first residue are almost the same in all complexes, except for those with the free O1 in the complex with laminaribiose. The interactions are nearly the same in the two subunits in each of banana lectin complex and across different complexes. The interactions at the two sites, P1 and P2, in each subunit also are the same. As most of the 
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interactions involve main chain atoms, sequence differences between the residues at the two sites do not affect interactions. The only side chain involved in the interactions is that of an aspartyl residue that exists at both the sites (Asp 133 at P1 and Asp 38 at P2). Thus, the results in relation to each crystal structure in Table I Reassuringly, there is a reasonable correlation between the frequencies of the occurrence of a given hydrogen bond in X-ray structures and in MD simulations. Both X-ray structures and MD simulations indicate the importance of the side chain carboxylate of 133Asp/38Asp in carbohydrate binding, as indeed in the case of aspartyl residues in many other lectins (Sharon and Lis 2002; Sujatha and Balaji 2004) . The amide nitrogen of the distal glycine residue (residue 15 at P1 and 60 at P2) is also important, especially in relation to interactions with O3. A notable role is played by the amide nitrogens of consecutive residues 130 and 131 at P1 and 34 and 35 at P2 in lectin-carbohydrate interactions. Crystal structures, but not MD, show a role for 131O and 36O in carbohydrate binding. Such differences in the interactions from two approaches are not uncommon (Sharma et al. 2009 ). As in the case of β-prism I fold lectins like jacalin, O6 of the carbohydrate residue is involved in the maximum number of interactions with the lectin. O2 is not involved in any such interactions as it points to the solvent. The unsubstituted O1 of the residue at the primary binding site in the crystal structure of laminaribiose forms a hydrogen bond with the side chain of Asp35. This interaction is seen with low frequency in the simulation of this complex also. O1 is unsubstituted in the mannose complex as well. The hydrogen bond referred to above does not occur in the crystal structure, but does in the simulation. Lectin-carbohydrate hydrogen bonds involving the second carbohydrate residue rarely occur in crystal structures as well as in simulations. No consistent pattern is exhibited by them where they do occur.
The importance of water and water-mediated interactions in lectin action has been discussed extensively (Loris et al. 1998; Ravishankar et al. 1999; Pratap et al. 2001; Natchiar et al. 2006; Kulkarni et al. 2008; Mishra et al. 2008 ). The water structure of banana lectin in the neighborhood of the binding site was analyzed using the pseudo-crystallographic approach, detailed in Materials and methods. The pseudo-electron density, calculated from MD simulation, corresponding to water molecules in and around the binding site, is shown in Figure 5 . They show reasonable correspondence with the water sites obtained from crystallographic studies. Furthermore, some of the water positions obtained from the simulations of the free lectin correspond to the positions of carbohydrate hydroxyls in the complexes, a point noted in some earlier crystallographic (Delbaere et al. 1993; Elgavish and Shaanan 1998; Ravishankar et al. 1999 ) and MD studies (Mishra et al. 2008; Sharma et al. 2009 ). Thus, these water molecules could help maintain the geometry of the binding site in the absence of ligands and contribute to the maintenance of a pre-formed binding site of the lectin.
Conformational selection and induced fit MD simulations also enable an exploration of the differences of the geometry of the binding sites and changes in the conformation of the carbohydrates, particularly disaccharides, on carbohydrate binding by the lectin. Such an exploration is specially relevant in the context of the current discussion on the relative importance of conformational selection and induced fit Kumar et al. 2000; Boehr and Wright 2008; Lange et al. 2008; Brüschweiler et al. 2009; Sharma et al. 2009 ). The Banana lectin-carbohydrate interactions population distributions of the atoms of the residues that constitute the binding site and those that flank them, in terms of root mean square deviations (RMSDs) from their positions in the crystal structure of the methyl-α-mannose complex of the lectin, are given in Figure 6A . The distributions corresponding to the four sites peak at 0.5 and around 1.2 Å. Representative positions corresponding to the two peaks are given in Figure 6B . The major difference between the two sets appears to be a small lateral shift of the binding site as a whole. The population distributions of the binding site atoms obtained from the simulation involving mannobiose and laminaribiose are shown in Figure 7 . The populations in the complexes by and large span the two peaks observed in the simulations involving the free lectin. No attempt is made here, nor is it warranted, to explain the details of the distributions. However, it is clear that what is obtained is not a straightforward conformational selection. The complex involving laminaribiose exhibits a reasonably sharp peak at the positions corresponding to the major peak in the distribution in the free lectin. Two sites exhibit minor peaks as well. However, the positions of the minor peaks shift somewhat from those in the free lectin. The binding site in the mannobiose complex presents a still more complex situation. The peak corresponding to one site moves toward the situation in the crystal structure, whereas the other exhibits a distribution that is rather broad. Thus, the observations can perhaps be best described as a combination of conformational selection and induced fit, as was concluded from the study of jacalin and its complexes (Sharma et al. 2009 ). The variability in the geometry of the binding site is reflected in the location of the bound carbohydrate as well. This is best illustrated by the situation in P2 of the two subunits in the mannobiose complex. The population distribution of the protein atoms in BP2 has a single sharp peak with a low RMSD. The positions of the residues and the bound carbohydrate corresponding to this peak are given in Figure 8 . Those corresponding to the peak with an RMSD of 1.3 Å in the distribution involving AP2 are also given in Figure 8 . Clearly, the position of the carbohydrate molecule is correlated with those of the binding site residues, and the movement is such that the lectin-carbohydrate interactions remain almost unchanged.
An examination of the torsion angles that define the conformation of the free disaccharides and those in the complexes (Figure 9 ) also leads a similar conclusion. For instance, the The disposition of the residues involved in carbohydrate binding in the native simulation corresponding to the major population peak (thick lines) and to the minor population peak (thin lines).
distribution of φ(O5-C1-O3-C3) in mannobiose and ψ(C1-O3-C3-C2) in laminaribiose presents a clear case of conformational selection, whereas that of ψ in the former and φ in the latter is best described as a combination of conformational selection and induced fit. φ is influenced by the orientation of the nonreducing residue in the primary site in the case of mannobiose. On the other hand, the orientation of the reducing residue at the site influences ψ. Thus understandably, induced fit tends to operate on parameters involving the residue that has strong interactions with the protein.
Conclusions
The crystallographic, modeling, and simulation studies presented here provide fresh insights into the geometrical details of banana lectin-carbohydrate interactions. Disaccharides involving mannose or glucose residues with an α-1,3 linkage associate with the lectin, with the nonreducing end at the primary binding site. The reducing end occupies the site when the linkage is β-1,3. Both the arrangements appear to be allowed to nearly the same extent when the linkage is α-1,2. Interestingly, α-1,3-linked disaccharides cannot bind to galactose-specific β-prism I fold lectins, with the nonreducing end at the primary site on account of steric clashes with an aromatic residue that is present only when the lectin is galactose-specific.
Simulations on the free lectin, free disaccharides, and their complexes show that a combination of conformational selection and induced fit operates on ligand binding. This is true in relation to the protein as well as the ligand. The conformation of disaccharides used in the present study is defined by two torsion angles φ and ψ, which flank the oxygen atom in the glycosidic linkage. φ is closer to the primary binding site when it is occupied by the nonreducing end, whereas ψ is closer when the site is occupied by reducing end. Interestingly, induced fit affects primarily the angle closer to the binding site, i.e., φ when the non-reducing end is at the binding site and ψ when the reducing end occupies the site. Thus, understandably in retrospect, in flexible ligands such as the disaccharides, the effect of induced fit is stronger in regions that are involved in interactions. Conformational selection would then dominate in the protein on complexation.
Materials and methods
Protein purification, crystallization, and X-ray data collection The protein was prepared as described earlier (Singh et al. 2004) . All the chemical reagents required for protein purification and crystallization, including mannose and kojibiose sugars, were purchased from Sigma chemicals. Pentamannose was purchased from Dextra laboratories, UK. An amount of 5 mg/mL of the protein was incubated with 100 mM of the carbohydrate overnight at 4°C, spun at 9184 × g for 30 min at 4°C and used for crystallization. Fig. 8 . The disposition of carbohydrate and the residues involved in carbohydrate binding, in the simulation involving mannose-α-1,3-mannose complex of the lectin, corresponding to the peak at lower RMSD (thick lines) and to the peak at higher RMSD (thin lines). Fig. 7 . Population distribution in terms of all-atom RMSD of carbohydrate-binding residues from those in the X-ray structure of lectin-methyl-α-mannose complex in the simulations involving (A) mannose-α-1,3-mannose and (B) glucose-β-1,3-glucose. Thick line: chain A, site P1; thin line: chain A, site P2; dashed line: chain B, site P1; dotted line: chain B, site P2.
Banana lectin-carbohydrate interactions
Crystals of the lectin-mannose complex were grown using the sitting drop method. A typical crystallization drop contained 40 µL of protein-carbohydrate solution and 1 µL of the reservoir buffer (0.1 M sodium cacodylate, pH 8.0, 0.01 M zinc acetate dihydrate, and 3 M hexane-1,6-diol). The drop was equilibrated against 20 mL of the reservoir buffer at 298 K. Crystals of the lectin-glucose-α1,2-glucose complex appeared only with the hanging drop method with the same crystallization condition, except that the crystallization drop contained protein-carbohydrate solution and reservoir buffer in the ratio of 10:1. The crystallization drop in the hanging drop was equilibrated against 1 mL of the reservoir buffer.
Since repeated attempts to crystallize the complex of the lectin with pentamannose failed, crystals for the complex were prepared using soaking. Mannose-bound protein crystals were first transferred to a 50 µL drop containing doubledistilled water and the reservoir buffer in the ratio of 40:1 and kept for 12 h in the same setup as used for crystallization. The crystals were further transferred to a fresh drop and the step was repeated four times. Crystals were then transferred to the drop additionally containing 100 mM of pentamannose.
Crystals were kept for 2 days in the same drop at 298 K before data collection.
X-ray diffraction data from the mannose and pentamannose complexes were collected using a MAR 345 image plate mounted on a Rigaku RU200 rotating-anode X-ray generator. Prior to data collection, crystals were quickly dipped and taken out from the reservoir buffer in a single step and flashfrozen (100 K) in a liquid-nitrogen stream produced by an Oxford Cryosystem. Hexane-1,6-diol with a concentration of 3 M present in the reservoir solution served the purpose of cryoprotectant. As crystals of the lectin-glucose-α-1,2-glucose complex were smaller in size and immediately disintegrated on treatment with cryoprotectant, diffraction data from the complex were collected at room temperature. The data were processed and scaled using DENZO and SCALEPACK from the HKL package, and the intensity data were truncated to amplitudes using TRUNCATE from the CCP4 suite (Collaborative Computational Project, Number 4, 1994; Otwinowski and Minor 1997) .
Structure solution, refinement, and validation The structures were solved by molecular replacement using the program MOLREP available in the CCP4 package. Coordinates of protein atoms from lectin-methyl-α-D-mannoside structure (PDB code 1x1v) were taken as the model for molecular replacement. Model building was carried out using the interactive graphics program Coot 0.0 (Emsley and Cowtan 2004) , and models were refined using REFMAC5 from the CCP4 package. Water molecules were added to the electron density where peaks were visible in both 2F o − F c and F o − F c maps at contour levels of at least 1σ and 3σ, respectively. Solvent content was estimated using the method of Matthews (1968) . Translation/Libration/Screw (TLS) refinement was included at the final stages of the refinement of the structure of the complexes involving mannose and pentamannose where the single TLS group contained all the protein atoms from both the chains. The models were validated using the PROCHECK module of the CCP4 package and the web server MOLPROBITY (Davis et al. 2007 ). Data collection and structure refinement statistics are summarized in Table II .
MD simulation
Molecular dynamics simulations were performed using the package GROMACS v3.3.1 (Van Der Spoel et al. 2005) running on parallel processors with the OPLS-AA/L force field (Jorgensen et al. 1996) . The simulation protocol was adapted from the earlier molecular dynamics studies carried out on jacalin and its carbohydrate complexes in this laboratory (Sharma et al. 2009 ). During molecular simulations of the complexes, only carbohydrate molecules present at sites P1 and P2 along with protein atoms were retained from the crystal structures. Other ingredients seen in the crystal structures including water molecules were removed from the models. In consonance with the earlier protocol followed in this laboratory (Sharma et al. 2009 ), GLYCAM06 (Kirschner et al. 2008 ) parameters were used to generate carbohydrate topologies, which were further converted to gromacs format using the widely distributed perl script amb2gmx.pl. The 
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editconf module of the GROMACS package was used to generate a cubic box around the lectin or lectin-carbohydrate complex models. The box was so chosen that the minimum distance between the solute and edge of the box was at least 7.5 Å. The dimension of the box varied between 77.7 and 82.7 Å in different simulations. The TIP4P water model was used to solvate the protein models. Sodium or chloride ions were added to neutralize the overall charge of the system wherever necessary. Energy minimizations were carried out using the conjugate gradient and steepest descent methods. Each steepest descent step was followed by 1000 steps of conjugate gradient in a cycle till the minimization converged. A maximum force of 1 kJ mol −1 nm −1 was chosen as convergence criterion for minimization. Energy minimizations were followed by solvent equilibration by position-restrained dynamics of 10 ps where positions of protein atoms were restrained and solvent was allowed to move. Simulations utilized the NPT ensembles with Parrinello-Rahman isotropic pressure coupling (τ p = 0.5 ps) to 1 bar and Nose-Hoover temperature coupling (τ t = 0.1 ps) to 300 K. Long-range electrostatic interactions were computed using the particle-mesh Ewald method (Darden et al. 1993 ) with a cut-off of 12 Å. A cut-off of 15 Å was adopted to compute long-range van der Waals interactions. Simulations were performed with full periodic boundary conditions. A dielectric constant of unity was used throughout. Simulations were performed on carbohydrate molecules alone using the same protocol outlined above. All the simulations were performed for a time period of 20 ns. Structures from the last 15 ns of each trajectory were used for analyses.
Pseudo-crystallographic water analysis
Coordinates of the uncomplexed protein were extracted from the simulation trajectory at 50 ps intervals. All the structures were individually aligned on the crystal structure of methyl-α-mannose complex of the lectin to bring them to a common frame of reference. Structure factors for only the water oxygens were then calculated for each coordinate set. Structure factors were subsequently averaged over 300 sets (Marathe and Bansal 2010, 2003) . Electron density maps for water molecules were generated from these averaged structure factors using the FFT module of the CCP4 package.
Analysis of structures
Analyses were performed with various tools available in the GROMACS suite and self-written programs and scripts. Figures were prepared using PyMOL (http://www.pymol.org). XMGRACE (Paul J. Turner, Center for Coastal and Land-Margin Research Oregon Graduate Institute of Science and Technology Beaverton, OR) was used for preparing graphs. Structures were superposed using ALIGN (Cohen 1997) , and accessible surface areas were computed using NACCESS (http://www.wolf.bms.umist.ac.uk/naccess/). Unless otherwise stated, an appropriate contact was identified as a hydrogen bond when donor-acceptor distance was ≤3.2 Å and acceptor-hydrogen-donor angle was ≥120°.
Protein data bank accession codes. The atomic coordinates and the structure factors of the complexes were deposited in the RCSB Protein Data Bank [PDB accession codes: 3MIT (banana lectin-mannose complex), 3MIU (banana lectinpentamannose complex), 3MIV (banana lectin-kojibiose complex)].
Supplementary data
Supplementary data for this article is available online at http://glycob.oxfordjournals.org/. Values within parentheses refer to the last resolution shell. R free is calculated in the same way but for a subset of reflections R free that is not used in the refinement.
Banana lectin-carbohydrate interactions syl-(1 → 3)]-mannopyranosyl; RMSD, root mean square deviation.
